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Sand fences are a frequently used management tool on developed coastlines because they are inexpensive and
easy to install. While the geomorphic effect of sand fences has been investigated before, previous studies have
been limited in both temporal and spatial domains. Here, we present the evolution of Bogue Banks, a developed
barrier island along the Outer Banks of North Carolina, over a 20-year period from 1997 to 2016 where sand
fences were emplaced along parts of the island in 2010. We use LiDAR-derived cross-shore transects (n =
38,454) to measure beach and foredune features along the extent (~40 km) of Bogue Banks for every available
year of lidar data as well as the locations of sand fences, which we identify in 39% of the transects following
fence construction. First, we found that vertical growth of the natural foredunes along Bogue Banks was slightly
positive between 2010 and 2016 despite an increased amount of shoreline erosion. This pattern was coincident
with a combination of sand fence installation and beach nourishment efforts, which were most heavily focused
on the eastern end of the island. Second, we found that natural foredunes located behind fenced dunes are typ-
ically shorter, wider, and smaller in volume than natural foredunes in non-fenced and undeveloped areas.
Although this may partly be due to a tendency for fences to be installed in front of more vulnerable dunes, our
results suggest that, once emplaced, sand fences prevent growth of the landward foredune behind fenced
dunes. These findings suggest that sand fences block sediment supply to landward dunes, leading to a shorter
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and wider complex foredune than would otherwise naturally occur.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

The prominent morphological feature on sandy coastlines is a
continually evolving foredune (i.e., the seaward-most dune), which is
built up over time through feedbacks between aeolian sediment
transport and vegetation growth (e.g., Arens et al., 1995; Duran and
Moore, 2013; Hesp, 2002) and eroded by wave runup during storms
(Sallenger, 2000). As dune-building dune grasses grow (e.g., Ammophila
breviligulata and Uniola paniculata on the US East Coast), they enhance
sediment deposition by reducing shear stress below the critical threshold
for sediment transport (e.g., Duran and Moore, 2013). As sediment is
deposited, vegetation responds through vertical and lateral growth in a
feedback that promotes further foredune growth (Baas and Nield, 2007;
Biel et al., 2019; Godfrey, 1977; Hacker et al., 2012; Maun, 1998;
Zarnetske et al,, 2012, 2015).

Although some barrier islands remain in a somewhat natural state,
developed barrier islands are home to upwards of 1.4 million people
on the Atlantic and Gulf Coasts of the United States (Zhang and
Leatherman, 2011), supporting a billion dollar tax base on barrier
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islands alone (FitzGerald et al., 2008) and a national coastal tourism
economy which is valued at $124 billion (Administration, 2014). On
developed barrier islands, natural dune-building processes are often
modified by management activities designed to improve beach condi-
tions and/or provide protection from storms. These management activ-
ities can include beach nourishment (e.g., Smith et al., 2009), beach
grass planting (e.g., Hacker et al.,, 2019), sand fencing (e.g., Nordstrom
and Mccluskey, 1985; Nordstrom et al., 2000; Miller et al., 2001;
Anthony et al.,, 2007; Jackson and Nordstrom, 2011; Charbonneau and
Whnek, 2016; Jackson and Nordstrom, 2018), and removal of beach
wrack by raking (e.g., Nordstrom et al., 2012). Such management efforts
are typically designed to increase beach width and build tall frontal
dunes that reduce the probability of overwash (i.e., wave overtopping
of the foredune), though sometimes there is a preference for narrower
beaches and shorter dunes to preserve ocean views (Nordstrom et al.,
2000). Because overwash facilitates island rollover, management efforts
resulting in tall dunes may inhibit an island's ability to persist under
conditions of rising sea level (Magliocca et al., 2011; Rogers et al., 2015).

Beach nourishment efforts produce rapid seaward beach growth
(i.e., artificial progradation), which increases the distance between the
shoreline and the cross-shore position where dune-building vegetation
becomes established (i.e., the vegetation limit), leading to the formation
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of larger dunes (Duran and Moore, 2013). In a study of dunes on the
Danish coast, van Puijenbroek et al. (2017) found that embryo dune
growth was greater in nourished locations compared to non-
nourished locations. Beach nourishment also decreases the beach
slope, which makes the dunes less likely to be eroded during a storm
because more wave energy is attenuated before reaching the dune
(Cohn et al.,, 2019; Ruggiero et al., 2001).

Sand fences are commonly used to enhance dune building, and thus
to provide coastal protection, because they are inexpensive and easily
constructed by property owners (Jackson and Nordstrom, 2011). The
formation of a foredune by a sand fence is controlled by interactions
between aeolian processes and the fence (Fig. 1). The decrease in
wind velocity across a sand fence is controlled by the porosity of the
sand fence and will lead to a minimized velocity at a distance landward
of the fence (e.g., Cornelis and Gabriels, 2005; Li and Sherman, 2015;
Gillies et al., 2017). This decrease in velocity through the fence leads
to a decrease in the shear stress acting on the bed, a gradient in aeolian
sediment transport, and hence, deposition, which occurs mostly in the
lee of the fence (with a small amount of deposition seaward of the
fence) (e.g., Nordstrom and Mccluskey, 1985; Cornelis and Gabriels,
2005; Lima et al.,, 2018). While the porosity of a fence controls its sand
trapping efficiency, the height of the fence controls how tall the fenced
foredune can grow (Alhajraf, 2004). Once the height of the fence above
the bed is less than the elevation of the saltation layer, the fence ceases
to have an effect on transport and deposition (Li and Sherman, 2015).

Sand fences are often emplaced seaward of the existing (or previ-
ously existing) natural foredune, typically in response to an erosional
event (Charbonneau and Wnek, 2016), to initiate the formation of a
new foredune seaward of the natural foredune (Fig. 1), making them ef-
fective for post-storm dune recovery (Charbonneau and Wnek, 2016)
and erosion control (Anthony et al., 2007). Previous studies on the use
of sand fences have focused on the construction and aerodynamic prop-
erties of sand fences (e.g., Cornelis and Gabriels, 2005; Li and Sherman,
2015; Gillies et al., 2017; Lima et al., 2017) and their monthly to annual
impacts on foredune morphology (e.g., Mendelssohn et al.,, 1991; Miller
et al., 2001; Anthony et al., 2007; Charbonneau and Wnek, 2016;
Jackson and Nordstrom, 2018). However, it is unclear how the emplace-
ment of sand fences seaward of a pre-existing natural foredune influ-
ences the morphology of the natural foredune itself after sand fence
emplacement.

Here, we use observational data to understand how sand fences
influence natural foredune morphology by comparing areas with and
without sand fences. We also consider the influence of beach nourish-
ment on natural and fenced dune growth. We hypothesize that follow-
ing emplacement of sand fences, formation of a fenced foredune inhibits
sediment transport and prevents the growth of the landward naturally
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Fig. 1. Conceptual model of the processes involved in the formation of a fenced dune
seaward of a pre-existing natural dune. Wind velocity is reduced at the fence, which
promotes deposition of sediment around the fence location. While the vegetation limit,
and thus the natural dune location, is a function of wave runup and saltwater
inundation (Hesp, 2002), the fenced dune can form wherever the fence is located as
long as there is sufficient sand flux.

occurring foredune. We further hypothesize that because of this effect,
foredunes in natural areas without sand fences will be taller and expe-
rience greater magnitudes of morphologic change than foredunes
behind fenced dunes.

2. Study area
2.1. Bogue Banks

Bogue Banks, North Carolina, is an approximately 40 km-long east-
west oriented barrier island located southward and westward of Cape
Lookout National Seashore (CALO) (Fig. 2A). The island is bounded to
the east by Beaufort Inlet, to the west by Bogue Inlet, and separated
from the mainland by Bogue Sound. Bogue Banks is a developed barrier
island with an estimated 2017 population of 6500 people (U.S. Census
Bureau, 2018) within the communities of Emerald Isle (pop. 3683),
Indian Beach (pop. 112), Pine Knoll Shores (pop. 1332), and Atlantic
Beach (pop. 1494) and a tourism industry that generates over $350 mil-
lion in annual revenue (Carteret County Economic Development, 2018).
The eastern ~2 km of the island is the site of Fort Macon State Park, a
Civil War era fort where the beach has been relatively undeveloped
compared to the rest of the island. Although Fort Macon's beach has un-
dergone numerous episodes of beach nourishment (Carteret County
Shore Protection Office, 2017), there are no sand fences within the
park’s boundaries.

Sand fences on Bogue Banks tend to be constructed by individual
property owners. For this reason, records of the timing and location of
sand fence construction do not exist (Rudolph, 2016; Sanderson,
2016). Historical satellite imagery from Digital Globe using Google
Earth shows sand fences appearing on the island in 2010, however it
is likely that older rows of fences exist and have been covered by sand
over time. Sand fences are common across the entire length of Bogue
Banks although they become significantly denser (contained in 50-
100% of profiles) eastward in the communities of Pine Knoll Shores
and Atlantic Beach (Fig. 2B).

2.2. Environmental conditions

Based on available data from 2008 to 2016, Bogue Banks experi-
enced mean wind velocities of 5.7 m/s with measured wind speeds up
to 31.7 m/s. Winds (NDBC wind gage CLKN7) were primarily out of
the southwest although the strongest winds were from the northeast
(Fig. 3A). The strongest recorded winds during this time (31.7 m/s, asso-
ciated with 2.64 m waves) occurred on July 4, 2014 with the landfall of
Hurricane Arthur over Shackleford Banks, adjacent to Bogue Banks. Over
the same time period, the tidal range in the Bogue Banks/CALO region
was 2.45 m (NOAA tide gage 8656483) and the mean significant wave
height was 0.89 m, with wave heights ranging from 0.02 m to 4.46 m
(Waverider buoy 41110, 17 m depth). Waves were primarily out of
the southeast (Fig. 3B) with the largest waves (4.46 m, associated
with 19.20 m/s winds) occurring on September 6, 2008, associated
with the landfall of Hurricane Hanna south of Bogue Banks near
Wilmington, NC.

Between 1997 and 2016, twenty-nine tropical storms and
cyclones impacted Bogue Banks (Fig. 4), most of which were tropical
storms (n = 20) and the strongest (n = 5) were Category 2 hurri-
canes (Sefcovic, 2016). Of the twenty-nine storms during this time,
six made landfall in or near Carteret County including Tropical
Storm Dennis (1999), Hurricane Isabel (2003), Tropical Storms
Barry and Gabriel (2007), Hurricane Irene (2011), and Hurricane
Arthur (2014).

2.3. Beach nourishment history

A series of beach nourishment projects were completed on Bogue
Banks between 1997 and 2016. Fort Macon was nourished in 2002,
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Fig. 2. A. Map of Bogue Banks and its position along the coast of North Carolina (inset), showing town locations and location of Fort Macon State Park. B. Bogue Banks showing Lidar profile
locations color coded according to the presence or absence of sand fences. (For interpretation of the references to color in this figure legend, the reader is referred to the online version of

this chapter.)

2005,2007,2011, 2014, and 2015 with dredged sediment from Beaufort
Inlet whereas the western end of Emerald Isle near Bogue Inlet was
nourished in 1997, 1999, 2000, 2003, 2006, 2010, and 2013 with sedi-
ment from the Intracoastal Waterway (Carteret County Shore
Protection Office, 2017). Portions of the rest of the island have also
been nourished as part of recovery efforts following Hurricanes Isabel
(2004), Ophelia (2007), and Irene (2013) (Carteret County Shore
Protection Office, 2017). The 2004 nourishment was located along a
~11 km stretch of Emerald Island and Indian Beach. The 2007 nourish-
ment was located along a ~5 km stretch of Emerald Isle and a ~15 km
stretch that includes Emerald Isle, Indian Beach, and Pine Knoll shores.
The 2013 nourishment, which occurred during the post-fencing period,
was contained to a ~2 km and ~5 km alongshore stretch along Emerald
Isle and a ~5 km stretch near Pine Knoll Shores. The island also experi-
enced beach nourishments as part of a three-phase restoration effort
in 2002 (phase 1, Pine Knoll Shores and Indian Beach), 2003 (phase 2,
central and eastern parts of Emerald Isle), and 2005 (Emerald Isle).
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Fig. 3. Wind (left) and wave (right) roses for Bogue Banks, North Carolina, from 2008 to
2016. Measured from NDBC wind gage CLKN7, Waverider buoy 41110, and NOAA tide
gage 8656483.

3. Methods
3.1. Lidar

We use lidar-derived topography from 1997 to 2016 to sample 1 m
alongshore-spaced transects along the length of Bogue Banks (Table 1,
Fig. 2B). A total of 38,454 profiles were extracted for all years of available
lidar topography, each extended from seaward of the mean high water
(MHW) contour to landward of the natural dune line. The eastern and
westernmost ends of the island near Bogue and Beaufort Inlets were
not included to avoid the effects of inlet dynamics, which are not rele-
vant to this study. The western limit of the study area is defined as the
location where the dune line begins in Emerald Isle and the eastern
limit is defined as the location where the dunes along Fort Macon
become highly recurved leading toward Beaufort Inlet (Fig. 2B).

3.2. Sand fences

Sand fences along Bogue Banks can easily be identified using Google
Earth satellite imagery where they appear as dark, typically shore-
oblique, lines along the beach near the dune line. To incorporate sand
fences into the analysis, all fences along Bogue Banks were marked in
Google Earth as a path. The paths were then overlain on the lidar
DEMs and profile transects using QT Modeller software (Fig. 2B). The
locations of intersections between the transects and fences were
marked and stored to match each profile with a fence to the correct
cross-shore location of the fence during profile analysis.

To analyze how the presence of sand fences affects the morphology
of the natural dune behind the dune that arises from the fence itself, we
classify each transect into one of three categories: fences present, fences
absent, or located within Fort Macon State Park. Of the 38,454 sampled
transects, 2229 (5.8% of all transects) are located in Fort Macon (Fig. 2B).
The remaining transects are located along developed portions of Bogue
Banks. Among transects in developed locations, we classify 14,830
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Fig. 4. Timeline of tropical storms and cyclones that have impacted Carteret County (location of Bogue Banks, NC), and the adjacent counties to the north (Dare), and south (Onslow)

between 1997 and 2016 (Sefcovic, 2016).

(38.6% of all transects) as fenced and 21,395 (55.6% of all profiles) as
non-fenced. Most transects that cross sand fences are situated in the
area between Pine Knoll Shores and Atlantic Beach (Fig. 2B). Profiles
that do not intersect a sand fence but are within 5 m of a profile that
does contain a sand fence are classified as fenced to account for likely in-
fluences from the nearby fence.

3.3. Topographic analysis

To quantify changes in morphology over time along Bogue Banks, we
developed an automated method, hereafter referred to as Automorph,
to systematically identify natural and anthropogenically-influenced
dune morphometrics from the lidar-derived profiles (Fig. 5). Existing
methods for identifying natural dune features (e.g., Elko et al., 2002;
Hardin et al., 2012; Mull and Ruggiero, 2014; Wernette et al., 2016)
are effective where there is a singular dune of interest, however,
Automorph expands upon these methods by including the ability to
identify a secondary seaward dune (i.e., the fenced dune) on the profile
based on the presence and cross-shore location of a sand fence.

Automorph begins by identifying all features associated with a natu-
ral dune and beach profile, including the toe, crest, heel, and mean high
water (MHW) contour regardless of whether or not sand fences are
present (see Fig. 5 for locations and abbreviations). MHW is identified
as the most seaward point on the profile that crosses the pre-defined
MHW elevation contour of 0.34 m (NOAA Station 8,656,502). The natu-
ral dune crest (Dygn) is selected as the seaward most peak in the profile
that contains a backshore drop of at least 0.6 m (Mull and Ruggiero,
2014) and exceeds a 3 m threshold elevation in order to avoid
misidentifying berms as the dune. The natural dune toe (Djo\) is identi-
fied using a simplified version of the elastic sheet method outlined in
Mitasova et al. (2011) wherein a straight line is drawn from Dyjgp, to
MHW and the point on the profile farthest from that line is identified
as Diow. At this point, the dune slope from Dhgp, to Diqy is calculated to
ensure it does not exceed 35° and is not misidentified as a building
(Stockdon et al., 2009). If the dune slope threshold is not exceeded,
then Automorph continues; if it is exceeded, a new dune crest (and
toe) is identified using a more seaward peak in the profile. The natural
dune heel (Dpeer) is identified as a low point in the profile landward of
Dhign, identified by the first point landward of Dygp, that satisfies the

Table 1
Summary of Lidar data used in this study with survey dates and spatial accuracy.
Name Begin date End date Vertical accuracy (m) Horizontal accuracy (m)

1997 Fall East Coast Lidar (SC to DE) 9/15 10/2 0.15 0.80
1998 Fall East Coast Lidar (SC to VA) 9/1 9/7 0.15 0.80
1999 Post-Floyd Lidar (NC, SC, VA) 9/18 9/18 0.15 0.80
2000 Summer East Coast Lidar (GA, NC, SC) 8/2 8/7 0.15 0.80
2004 USACE NCMP Topobathy Lidar: Gulf (AL, FL, MS) & Atlantic Coast (NC) 4/1 9/25 0.15 0.80
2005 USACE NCMP Topobathy Lidar: Atlantic Coast (NY to VA) 8/24 11/26 0.20 0.75
2010 USACE NCMP Topobathy Lidar: Atlantic Coast (FL to NC) 5/4 6/16 0.15 0.75
2011 NOAA NGS Lidar: Post-Irene 8/28 8/29 0.15 1.00
2014 NOAA NGS Topobathy Lidar: Post-Sandy (SC to NY) 1/8 7/27 0.06 1.00
2016 USACE Post-Matthew Topobathy Lidar: Southeast Coast (VA, NC, SC, GA, FL) 10/1 12/31 0.19 1.00




M. Itzkin et al. / Geomorphology 352 (2020) 106995 5

— B 1

2 A.

=]

> 61

<

=

E 4

| =

K]

W 21

>

2

w

0

— B-

2 B.

=] Toe

Z 81 Crest

F4 Heel

£ 44 Fence

= Fence Crest

o Fence Heel

® 21

>

o

w

0 T . v v . .

0 20 40 60 80 100

Cross-Shore Distance (m)

Fig. 5. Examples of Automorph output. A) Profile from Fort Macon where sand fences are
not present. B) Profile that includes a sand fence (red marker) and a fenced dune
located seaward of the natural foredune. MHW = Mean High Water (0.34 m NAVDS88),
Diow = natural dune toe, Dyjgp, = natural dune crest, Dyee; = natural dune heel, Feese =
fenced dune crest, Fp,ee; = fenced dune heel.

0.6 m backshore drop and then continuing landward from this point to a
local minima. We measure the natural dune volume for each profile by
integrating over the portion of the profile located between D)o, and
Dhpeer and above the lower of Dgy, OF Dpeel.

The marks identifying sand fence locations on the profiles
(Section 3.2) are used to determine whether or not the current profile
being analyzed contains a sand fence. If a profile is flagged as having a
fence then the location of the fence, as well as a fenced dune crest (Fgrest)
and fenced dune heel (Fyee), are identified (See caption for Fig. 5). The
cross-shore location of the fence on the profile is used to identify
where the fence is located on the profile. The crest of the fenced dune,
Frign, is then identified as a peak seaward of Dp;g, but landward of the
fence. Once Fpigp, is located, Fiee is identified as the first local minima
landward of Fy;gn. We measure beach width for each profile as the
cross-shore distance between the MHW contour and Dy,

3.4. Uncertainty and statistical analysis

We calculated the uncertainty in the rate of change in shoreline
position using the approach of Hapke et al. (2011) for calculating the
regionally averaged rate uncertainty:

1 _

Upg = \/_ﬁ;UR

where n* is the effective sample size determined using an autocorrela-
tion (i.e., the number of statistically independent samples) and Uy is
the average rate uncertainty, which is calculated as the quadrature
sum of positional uncertainties over the time between measurements.
The positional uncertainty is calculated for each profile based on the
spatial error associated with the lidar data and the slope of the profile
at the shoreline. We calculate a rate uncertainty (Ug) for each profile
by taking the quadrature sum of the positional uncertainties for each
profile at timey and time; and dividing by time; - time,. Finally, we
find the average rate uncertainty (Ug) and multiply by 1/+/n* to account
for uncertainties in neighboring profiles cancelling each other out. We
calculated the uncertainty in the mean beach width change rate, and
mean Dy,;gp, elevation change rates using the 95% confidence interval.
We also calculated the uncertainty in the mean natural dune height,
mean natural dune width, mean natural dune volume, and mean

beach width for individual years during the post-fencing period using
the 95% confidence interval.

Statistical analysis was performed using methods from SciPy's (Jones
et al.,, 2001) statistics module. To test for the statistical significance of
differences in dune and beach morphology at the decadal scale (1997-
2016), we performed a Kolmogorov-Smirnov test (o« = 0.05) to
compare the pre-fencing and post-fencing change in shoreline position,
beach width, and Dy, elevation. We then performed a series of Mann-
Whitney U tests (o0 = 0.05) to test for statistical significance in changes
for Fort Macon, non-fenced areas, and fenced areas for the pre-fencing
time period (1997-2010), post-fencing time period (2010-2016), and
all study years. Island-scale results are presented as raw data with a
trend overlain that was created using the Savitzky-Golay filter included
in SciPy's (Jones et al., 2001) signal processing module (Figs. 6-8), a
smoothing filter applies a polynomial fit (here a 3rd order polynomial)
over a moving filter window (here set to 5001 profiles).

To test for statistically significant differences in natural dune mor-
phology (height, width, volume) and beach width between Fort
Macon, non-fenced areas, and fenced areas between 2010 and 2016
we performed a series of Kruskal-Wallis H-tests (a = 0.05), using
Mann-Whitney U tests (o’ = 0.017) as a post-hoc test. The Kruskal-
Wallis H-test is a non-parametric version of ANOVA which tests if mul-
tiple groups are from the same populations, and the Mann-Whitney U
test is used to test if two groups are equal to each other.

4. Results
4.1. Island-scale morphology of the beach and natural dunes

4.1.1. Shoreline change

From 1997 to 2016 the average shoreline change rate along Bogue
Banks was 1.22 + 0.30 m/yr, indicating progradation. Comparing the
pre-fencing and post-fencing periods, the average shoreline change
rate increased from 1.17 £ 0.41 m/yr to 1.32 + 1.17 m/yr. During the
post-fencing period, the shoreline along Fort Macon prograded by an
average rate of 8.34 4 2.92 m/yr compared to a mean rate of 0.89 +
1.05 m/yr for the rest of the island. Further, fewer profiles experienced
shoreline accretion during the post-fencing period (67.5%) than during
the pre-fencing period (87.4%), demonstrating that the increased rate of
island-averaged shoreline progradation during the post-fencing period
is due to disproportionately larger increases in shoreline progradation
along Fort Macon (due to beach nourishment) during the post-fencing
time period (Fig. 6).

Rates of shoreline change were substantially larger along Fort Macon
compared to the rest of this island while rates of shoreline change along
fenced and non-fenced areas were similar during the pre- and post-
fencing periods. During the pre-fencing period, the shoreline along
Fort Macon eroded by an average of —1.31 + 1.44 m/yr, with 85.2% of
the transects in Fort Macon undergoing shoreline erosion. During the
post-fencing period, the shoreline prograded along Fort Macon by an
average of 8.34 + 2.92 m/yr, with 100% of the transects within the
park's boundaries undergoing shoreline progradation. Non-fenced loca-
tions experienced an average shoreline progradation rate of 1.39 +
0.37 m/yr during the pre-fencing period and an average shoreline
progradation rate of 0.78 4 0.92 m/yr during the post-fencing period.
Fenced locations experienced an average shoreline progradation of
1.22 4+ 0.34 m/yr during the pre-fencing period and an average of 1.05
+ 1.25 m/yr during the post-fencing period.

4.1.2. Beach width

The island-scale average rate of change in beach width for the entire
study period was 0.55 4 0.02 m/yr (Fig. 7). The average pre-fencing rate
of change in beach width was 0.41 4 0.03 m/yr and the average post-
fencing beach width change rate was 0.85 + 0.07 m/yr.

A comparison of beach width change for Fort Macon, non-fenced
areas, and fenced areas shows that the greatest rates of change
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occurred in Fort Macon followed by non-fenced and fenced areas.
During the pre-fencing period, the beach width along Fort Macon
changed by an average of —1.55 4+ 0.12 m/yr before widening by
an average of 7.05 4 0.17 m/yr during the post-fencing period. The
pre-fencing average change in beach width in fenced areas was the
lowest of the three areas at 0.11 4+ 0.06 m/yr compared to a post-
fencing average change of 0.82 + 0.11 m/yr. In non-fenced areas,
the beach widened by an average of 0.83 + 0.04 m/yr during the
pre-fencing period and 0.22 £ 0.08 m/yr during the post-fencing
period. (Table 2).

4.1.3. Dy elevation change

The average change in Dy;gp, elevation for the full study period is
—0.01 4 0.00 m/yr representing an overall slight loss in natural dune el-
evation since the beginning of the study period (Fig. 8, Table 2). During
the pre-fencing period, Dy, €levation changed by an average of —0.03
+ 0.00 m/yr before increasing during the post-fencing period at an av-
erage of 0.03 4 0.00 m.

Unlike non-fenced and fenced areas, Fort Macon experienced
increases in natural dune Dy;gp, elevation during both the pre- (0.04
4 0.01 m/yr) and post-fencing (0.09 & 0.01 m/yr) periods. Non-
fenced and fenced areas both experienced elevation loss during the
pre-fencing period. During the pre-fencing period, fenced and non-
fenced areas experienced an average Dyjgn change of —0.03 +
0.00 m/yr. These areas (non-fenced and fenced) both became less
vertically erosive during the post-fencing period when non-fenced
areas experienced an average Dygn elevation change of 0.00 +
0.01 m/yr while fenced areas experienced an average Dy;gn, change
of 0.05 4 0.01 m.

4.2. The influence of sand fences on natural dune morphology of Bogue
Banks

4.2.1. Natural dune height

The tallest natural dunes were located in Fort Macon with an average
elevation of 5.3 4 0.03 m, followed by natural dunes in non-fenced
areas (4.5 4+ 0.04 m), and natural dunes in fenced areas (4.3 +
0.06 m) (Fig. 9A).

Average natural dune height through time varied among Fort
Macon, non-fenced areas, and fenced areas (Fig. 10A). Average dune
elevations along Fort Macon decreased between 2010 (5.2 4+ 0.06 m)
and 2011 (5.0 & 0.07 m) and then grew to an average elevation of 5.8
4 0.06 m by 2016. Natural dune elevation in non-fenced areas steadily
increased every year from an average of 4.2 + 0.08 m in 2010 to an
average of 4.7 + 0.06 m in 2016 (Table 3). The average height of the nat-
ural dune in fenced areas was lower than in Fort Macon and non-fenced
areas for all years following the emplacement of sand fences in 2010.
The natural dunes in fenced areas grew from 2010 (4.1 & 0.12 m) to
2011 (4.4 £ 0.08 m), were eroded in 2014 (4.2 £+ 0.10 m) and then
maintained their elevation from 2014 to 2016 (4.3 + 0.10 m).

4.2.2. Natural dune width

Natural dune widths varied across Bogue Banks with the narrowest
natural dunes (mean, Lt = 19.8 4+ 0.56 m) located in fenced areas and
the widest natural dunes (i = 21.3 + 0.34 m) located in non-fenced
areas (Fig. 9B).

Temporal variation in natural dune widths between 2010 and
2016 were minimal, with natural dunes in non-fenced and fenced
areas narrowing slightly over time and natural dunes along Fort
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Fig. 7. A) Alongshore variability of beach width change for Bogue Banks, NC, for 1997-2016 (green), 1997-2010 (red), and 2010-2016 (blue). B) Density distributions of beach width
change for Bogue Banks for 1997-2016, 1997-2010, and 2010-2016. Positive values indicate progradation, negative values indicate erosion. C) Mean beach width change for the
entire island, Fort Macon, non-fenced areas, and fenced areas colored by time period (with 95% confidence intervals).

Macon widening slightly over time (Fig. 10B). The mean natural
dune width in Fort Macon increased from 15.0 + 0.48 m in 2010 to
20.3 4 0.66 m in 2014 before narrowing to a mean width of 18.4 +
0.48 min 2016 (Table 3). Natural dunes in non-fenced areas widened
from a mean width of 21.4 + 0.66 m in 2010 to 23.0 4+ 0.77 m in
2011. The natural dunes in non-fenced areas narrowed to a mean
width of 19.8 4+ 0.60 m in 2014 before widening to a mean width
of 21.0 £ 0.68 m in 2016. Natural dunes in fenced areas maintained
their width between 2010 and 2011 (p = 0.36) before narrowing
to a mean width of 16.9 4 0.92 m in 2014 and widening to a mean
width of 19.4 + 0.98 m in 2016. The natural dune widths in 2010
in both fenced and non-fenced areas were statistically similar to
each other (p = 0.53), before the natural dunes in fenced areas
narrowed the subsequent years. Although the natural dune widths
are of similar magnitude across the island, the overall foredune sys-
tem in fenced areas - which includes the fenced dune - is, by nature
of the fenced dune existing, nearly double the width of the non-
fenced areas and Fort Macon (Fig. 11).

4.2.3. Natural dune volume

Natural dune volume varies among Fort Macon (pn = 27.2 +
0.61 m®*/m), non-fenced areas (i = 25.4 & 0.65 m?/m), and fenced
areas (L = 20.0 + 0.89 m3/m) (Fig. 10C), and through time
(Fig. 10C). Mean natural dune volumes in Fort Macon increased
every year except 2011 (Table 3). The mean natural dune volume
in non-fenced areas varied within uncertainty between 2010 and
2014 before increasing to 27.6 & 1.32 m®/m in 2016 (Table 3). The
mean natural dune volume in fenced areas did not vary significantly
between 2010 and 2011 (p = 0.72) before decreasing in 2014 (15.8
+ 1.30 m?/m) and increasing in 2016 (20.4 + 1.54 m3/m).

4.2.4. Fenced dune height

Fenced dunes elevations increased by 0.5 + 0.04 m between 2010 and
2016, with a mean value of 3.6 4 0.01 m over the entire post-fencing pe-
riod (Table 3). Mean fenced dune height increased by 0.2 4 0.05 m from
2010 (3.4 £ 0.02 m) to 2011 (3.6 4 0.03 m) and 0.3 4 0.04 m from 2014
(3.6 4 0.02 m) to 2016 (3.9 4 0.02 m). Fenced dune heights were main-
tained between 2011 and 2014 (0.00 £ 0.01 m). For all years between
2010 and 2016, the fenced dunes were lower in elevation than natural
dunes anywhere on the island (Fig. 12), as expected given that the natural
dunes have existed longer than the fenced dunes).

4.3. Interannual (2010-2016) variations in beach width

The beach width was widest along Fort Macon (i = 47.8 4 0.95 m)
and narrowest in fenced areas (L= 34.8 + 1.29 m) (Fig. 13A). The mean
beach width in non-fenced areas was 45.9 + 0.71 m. Distributions of
beach width are bimodal (Fig. 13A), due to occasionally large changes
in beach widths between lidar surveys (Fig. 13B, C, D) associated with
nourishment events.

The mean beach width along Fort Macon (Fig. 13B) was 19.0 +
0.68 m in 2010, the narrowest of any location at any time. The mean
beach width along Fort Macon increased between every survey, with
the largest increases being concurrent with the timing of beach nourish-
ments (Carteret County Shore Protection Office, 2017; Table 3). The
mean beach width in non-fenced areas decreased every year from
2010 (50.5 + 1.42 m) to 2014 (39.0 & 1.46 m), and then increased to
48.1 4+ 1.24 m in 2016 (Fig. 13C, Table 3). The mean beach width in
fenced areas steadily increased each year from 2010 (28.3 4+ 2.50 m)
to 2016 (42.5 + 0.68 m) (Fig. 13D). With the exception of 2010, the
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Fig. 8. A) Alongshore variability of dune growth and erosion for Bogue Banks for 1997-2016 (green), 1997-2010 (red), and 2010-2016 (blue). B) Density distributions of vertical dune
growth for Bogue Banks for 1997-2016, 1997-2010, and 2010-2016. Positive values indicate vertical dune growth, negative values indicate vertical dune erosion. C) Mean Dyjgp,
elevation change for the entire island, Fort Macon, non-fenced areas, and fenced areas colored by time period (with 95% confidence intervals).

beach was consistently narrower in fenced areas than along Fort Macon
(where nourishment occurred) and non-fenced areas.

5. Discussion

We observed that, following the emplacement of sand fences, a new
foredune was created seaward of the original dune and just behind the
sand fence (Fig. 5). Similar to the schematization by Nordstrom and
Mccluskey (1985), the fenced dunes on Bogue Banks form with a slight
landward offset from the fence position where the wind velocity reduc-
tion is maximized (e.g., Li and Sherman, 2015). Upon formation of the
fenced dune, we observe that the landward natural dune which had

Table 2

been growing vertically eventually ceased its growth concurrent with
vertical accretion of the fenced dune (Fig. 12). During the post-fencing
period (2010 to 2016) the beach width steadily increased in fenced
areas (Fig. 13D), however this was not matched with an increase in nat-
ural dune elevation suggesting that the fenced dune cut off sediment
flux to the natural dune preventing its vertical growth.

Natural dune building processes involved in the formation of a new
foredune are dependent upon the ability of pioneering vegetation to sur-
vive seaward of the previous vegetation limit in the face of wave runup
and salt spray (e.g., Davidson-Arnott et al., 2012; Duran and Moore,
2013; Hesp, 2002; Maun, 1998; Stallins, 2001). In contrast, the formation
of a foredune in the presence of a sand fence merely requires sediment sly

Island-scale changes in shoreline position, beach width, and Dy,gp, elevation during the pre-fencing (1997-2010), post-fencing (2010-2016), and overall (1997-2016) periods.

All (n = 38,454) Fort Macon (n = 2229) Non-fenced (n = 21,395) Fenced (n = 14,830)
Mean Std. dev. Mean Std. dev. Mean Std. dev. Mean Std. dev.
Shoreline change rate (m/yr)
1997-2010 (pre-fencing) 1.17 £ 0.02 1.02 —1.31 £ 0.02 0.88 1.39 4 0.02 0.74 1.22 £ 0.02 0.90
2010-2016 (post-fencing) 1.32 £ 0.05 2.45 8.34 £ 0.05 1.34 0.78 £ 0.05 1.55 1.05 £ 0.05 1.97
1997-2016 (overall) 1.22 4+ 0.01 0.60 1.74 £+ 0.01 0.53 1.20 & 0.01 0.55 1.17 £ 0.01 0.65
Beach width change rate (m/yr)
1997-2010 (pre-fencing) 0.41 + 0.03 1.68 —1.55 £ 0.12 1.45 0.83 + 0.04 145 0.11 £ 0.06 1.76
2010-2016 (post-fencing) 0.85 £ 0.07 3.45 7.05 4+ 0.17 2.03 0.22 4+ 0.08 2.88 0.82 £ 0.11 3.44
1997-2016 (overall) 0.55 £ 0.02 1.22 1.17 + 0.08 1.00 0.63 + 0.03 1.15 0.34 £+ 0.04 1.30
Dhigh elevation change rate (m/yr)
1997-2010 (pre-fencing) —0.03 £ 0.00 0.12 0.04 + 0.01 0.08 —0.03 £ 0.00 0.13 —0.03 £ 0.00 0.11
2010-2016 (post-fencing) 0.03 £+ 0.00 0.22 0.09 £ 0.01 0.11 0.00 + 0.01 0.24 0.05 £ 0.01 0.20
1997-2016 (overall) —0.01 £ 0.00 0.09 0.06 + 0.00 0.06 —0.02 £ 0.00 0.09 0.00 + 00 0.08
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as the fence can persist unless it is destroyed by a storm or removed. This
means that while a new seaward natural foredune would not typically
form unless the shoreline was prograding, fenced dunes can form and
persist on a transgressive barrier island, such as we see on Bogue Banks
(Timmons et al., 2010). A majority of the sand fences on Bogue Banks
are located in Atlantic Beach and Pine Knoll shores (Fig. 2), which are ad-
jacent to Fort Macon State Park. Although Atlantic Beach and Pine Knoll
shores were not directly nourished post-2010 (Carteret County Shore
Protection Office, 2017), westward directed alongshore drift (Roessler
and Wells, 2001) allows nourishment sand to be transported into these
locations, leading to increases in shoreline progradation (Fig. 6) and
beach widths (Figs. 7 and 13) in the densely fenced areas adjacent to
Fort Macon. This additional sediment available for transport to the dune
following a nearby nourishment event may have facilitated fenced dune
growth that occurred between 2010-2011 and 2014-2016 (Table 3),
concurrent with nourishment events that impacted Atlantic Beach
where most of the fenced dunes are located. However, we note that we
do not observe noticeable changes in natural dune morphology that
may be attributable to these nourishments.

Compared to natural dunes along Fort Macon, the natural dunes in
non-fenced and fenced areas experienced the greatest rates of elevation
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Fig. 10. Temporal variation of natural A) dune height, B) dune width, and C) dune volume
for natural dunes in Fort Macon, non-fenced areas, and fenced areas on Bogue Banks, NC.

loss prior to 2010 (Fig. 8, Table 2), perhaps partially explaining the deci-
sion to emplace fences in these areas. Following the emplacement of
sand fences, the natural dunes in fenced areas generally stopped losing
elevation and demonstrated an initial trend toward slight accretion
(Table 3, Fig. 10). During the post-fencing time period, the mean natural
dune height in fenced areas increased by 0.2 4- 0.22 m, compared to an
increase of 0.5 4= 0.14 m in non-fenced areas and 0.6 4- 0.12 m in Fort
Macon. Not only did the natural dunes in fenced areas experience the
smallest amount of vertical growth during the post-fencing period,
but most of the vertical growth during this time occurred between
2010 and 2011 after which time the mean natural dune elevations in
fenced areas varied by only £0.1 m. Further, the natural dune elevations
in fenced areas experienced no significant change between 2014 and
2016 (p = 0.15) whereas the natural dune elevations in non-fenced
areas and Fort Macon increased between every survey from 2011 to
2018 (Table 3). Given the timing of the installation of sand fences in
2010, it appears likely that the natural dunes in fenced areas were
able to grow vertically only until the fenced dune became established,
at which time the fenced dune appears to have prevented the landward
natural dune from receiving additional sediment which would have
otherwise led to increases in Dy;gp, €levation.

Observing the trends in both natural and fenced dune elevations
during the period 2010-2016 (Fig. 12) further supports the hypothesis
that fenced dune formation prevents vertical growth of the landward
natural dune. From 2011 to 2014, the natural dunes in fenced areas
are the only dune “type” to lose elevation. Natural dunes in fenced
areas decreased in elevation while the elevation of the fenced dunes
in front of them did not change over this period. The observed lack of
elevation change in the fenced dunes, while the natural dunes behind
them were eroded, can likely be explained by faster recovery after
storms of the fenced foredunes and the inhibition of recovery of the
natural dunes behind them. From 2014 to 2016, the fenced dunes expe-
rience a level of vertical growth surpassed only by the natural dunes
along Fort Macon while the natural dunes in fenced areas do not change
significantly in elevation (p = 0.015). While greater temporal resolu-
tion may be required to more clearly analyze changes between 2011
and 2014, changes in natural dune elevations between 2014 and 2016
demonstrate that vertical growth of the fenced dunes came at the cost
of insignificant growth of the natural dunes behind fenced dunes.

Comparison of the variations in beach width over time in fenced
areas (Fig. 13D) and the variations in natural dune heights in fenced
areas over time (Fig. 10A) further supports the hypothesis that natural
dune growth is limited in areas where sand fences are present. The
mean beach width in fenced areas increased steadily, by a total of 14.2
4 3.18 m from 2010 to 2016 while the mean natural dune height
increased by only 0.2 & 0.22 m during that same period (Fig. 10A).
The steadily increasing beach widths would typically allow for a greater
flux of sediment to the dune and thus an increase in elevation. Rather,
what we observe is a trend of increasingly stable natural dune eleva-
tions in fenced areas from 2010 to 2016; the changes in mean elevation
become progressively smaller between surveys (0.3 m, —0.2 m, 0.1 m)
until they are no longer statistically significant. During the same period
the fenced dunes grew in height by 0.6 & 0.04 m with the majority of
this increase occurring from 2014 to 2016 (0.3 4+ 0.04 m), during
which time the natural dunes landward of the fenced dunes did not
grow vertically.

In addition to differences in the way natural dunes grow in areas
where sand fences are present compared to where they are absent,
we observe differences in the height, width, and volume of natural
dunes in fenced areas on Bogue Banks versus those in non-fenced
areas and Fort Macon. For much of the study period, the natural dunes
in fenced areas are lower, wider, and lesser in volume than in Fort
Macon. Natural dunes are also shorter and lower in volume than those
in non-fenced areas but are not as wide. Toward the end of the study pe-
riod, the width of the natural dunes in fenced areas appears to decrease,
however, this is likely due to the fenced dune forcing the natural dune



10 M. Itzkin et al. / Geomorphology 352 (2020) 106995

Table 3

Interannual variations in natural dune height, natural dune width, natural dune volume, and beach width during the post-fencing period. The overall values represent the mean and stan-
dard deviation for the entire post-fencing period. Natural dunes in fenced areas and fenced dunes have the same beach width.

Dhigh (m) Dune width (m) Volume (m”"3/m) Beach width (m)
Mean Std. dev. Mean Std. dev. Mean Std. dev. Mean Std. dev.
Fort Macon 2010 5.2 + 0.06 0.8 15.0 4 0.48 5.8 26.1 +£1.26 15.2 19.0 & 0.68 7.7
(n = 2229) 2011 5.0 + 0.07 0.8 17.3 £ 0.52 6.2 243 £ 1.11 134 47.1 £ 0.87 10.0
2014 5.2 + 0.07 0.8 20.3 £ 0.66 7.9 289 £ 1.35 16.2 62.2 + 1.64 18.7
2016 5.8 + 0.06 0.7 18.4 4+ 0.48 5.7 29.5 £ 1.11 134 62.9 4+ 0.98 11.2
Overall 5.3 4+ 0.03 0.8 17.8 4+ 0.28 6.8 27.2 £ 061 14.7 47.8 +0.95 21.8
Non-Fenced 2010 42 +£1.20 0.8 21.4 £+ 0.66 6.9 24.0 £ 1.45 15.0 50.5 4+ 1.42 15.2
(n=21,395) 2011 44 4 0.08 0.8 23.0 £0.77 7.9 2554+ 1.25 129 463 £+ 1.29 13.8
2014 4.5 + 0.07 0.7 19.8 + 0.60 6.1 2434+ 1.18 12.2 39.0 &+ 1.46 15.6
2016 4.7 £+ 0.06 0.7 21.0 £ 0.68 7.0 276 +£1.32 13.6 48.1 +£1.24 13.2
Overall 4.5 + 0.04 0.8 213 £ 034 7.1 25.4 + 0.65 13.5 459 + 0.71 15.1
Fenced 2010 4.1+ 0.12 0.7 21.7 £1.20 7.4 226 +£2.19 13.6 28.3 +2.50 10.0
(n = 14,830) 2011 44 +0.12 0.7 213 £1.21 7.5 214 £1.79 111 32.7 £1.92 7.7
2014 42 4 0.10 0.6 16.9 4 0.92 5.7 15.8 4+ 1.30 8 35.8 +£3.11 12.5
2016 43 +0.10 0.6 19.4 4+ 0.98 6.1 204 + 1.54 9.6 42.5 + 0.68 2.7
Overall 4.3 £ 0.06 0.7 19.8 4 0.56 7.0 20.0 £ 0.89 111 34.8 +£1.29 104
Fenced dunes 2010 34 +£0.02 0.5 16.7 + 0.37 7.8 15.6 4 0.63 134
(n = VARIES) 2011 3.6 + 0.03 0.6 184 4+ 0.38 7.1 184 4+ 0.56 10.8
2014 3.6 + 0.02 0.5 14.1 £ 0.22 5 13.2 £ 0.39 9.1
2016 3.9+ 0.02 0.4 144 4+ 0.32 6.9 13.3 4+ 0.60 13.1
Overall 3.6 + 0.01 0.5 15.6 4 0.16 6.9 15.1 4+ 0.28 11.7

toe landward. Despite this narrowing of the natural dune in fenced areas
over time, the overall morphology of the dune system—which consists
of a natural dune in combination with a fenced dune—differs greatly
from that of the non-fenced areas and Fort Macon. In areas with sand
fences, the dune system, although not as tall, is substantially wider
than in Fort Macon and non-fenced areas (Fig. 11). While a taller dune
is considered to offer more protection against storm induced erosion
(i.e., Sallenger, 2000), the lower but wider dune system observed in
fenced areas may be more resistant to volumetric dune erosion during
longer duration storms or storms in which the dune is impacted but
water levels are not sufficient to cause overwash to occur.

6. Conclusions

The emplacement of sand fences on Bogue Banks, NC has led to the
formation of fenced dunes that have prevented the natural dunes
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Fig. 11. Temporal evolution of the width of the overall dune system along Bogue Banks,
NC, during the post-fencing period (2010-2016). The dune system for Fort Macon and
non-fenced areas consists of a single natural dune, while in fenced areas it consists of a
natural dune fronted by a fenced dune. The shaded areas represent the 95% confidence
interval.

behind them from growing vertically. At least partly as a result of this ef-
fect, the overall dune system (natural foredune + fenced dune) is lower
and wider in fenced areas, making them more vulnerable to overwash
(Sallenger, 2000) but more resistant to scarping and lateral erosion,
than taller, narrower dunes.

Our analysis of the multi-decadal morphology of Bogue Banks shows
that there has been a statistically significant difference in the pre-
(1997-2010) and post-fencing (2010-2016) morphology of Bogue
Banks wherein the shoreline has become less progradational overall
with a greater number of profiles experiencing erosion (p < 0.001),
the beach has narrowed slightly (p < 0.001), and the natural dunes
have stopped losing elevation (p < 0.001). Frequent nourishments
have caused localized areas of shoreline progradation (such as along
Fort Macon) and therefore beach widening, which have likely allowed
the dunes in these locations to grow taller than they would have if nour-
ishment had not occurred. Natural dune elevations along Bogue Banks
have been slightly accretional, compared to their erosional pre-fencing
condition (when averaged over the entire time period since fences
were installed). We find that natural dunes in fenced areas are shorter,
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Fig. 12. Evolution of mean natural (Dpjgn) and fenced (Fyign) dune elevations along Bogue
Banks, NC, during the post-fencing period (2010-2016). The shaded area represents the
95% confidence interval.
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wider, and lower in volume than natural dunes in non-fenced areas and
Fort Macon, although the difference in width between the natural dune
fenced and non-fenced areas is marginal and may explain the selection
of locations for sand fence installation. Differences in measured width
and volume may also arise due to a landward shift in toe position of
the natural dune, which occurs as the fenced dune grows.

Overall, the effect of sand fencing on Bogue Banks has been to:
(1) prevent loss of natural dune height through lateral erosion in fenced
areas despite a greater number of profiles experiencing shoreline
erosion and a decrease in shoreline progradation outside of Fort
Macon, and (2) prevent vertical growth of the natural dunes behind
the sand fences as the fenced dunes form by blocking sand flux to the
natural dune. Taken together, the fenced and natural foredune
(i.e., the modified foredune system) in fenced areas is shorter than the
single natural foredune in non-fenced areas, however it is also much
wider due to the combined width of the fenced and natural dune. The
lower and wider dune system has implications for how storms may
impact areas with sand fences—while the relatively lower elevation
makes the dunes more susceptible to overwash, the increased width
may be more effective at preventing volumetric loss due to erosion in
the more prevalent collision regime (i.e., Brodie et al., 2019; Stockdon
et al., 2007) by increasing the lateral distance of the dune that can be
eroded through before the dune system is breached.
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